The molecular mechanisms underlying cell cycle control in neuronal progenitors have been investigated with adult mouse olfactory epithelium as a model system. Odorreceptive neurons of mammalian olfactory epithelium are short-lived and renewed in the adult by mitotic division of intrinsic neuronal progenitors. Ablation of the synaptic target, olfactory bulb, induces sequentially extensive apoptosis of sensory neurons and then stimulation of progenitor proliferation, peaking at 36 h and 4 days, respectively, postlesion. Known molecular effectors of G1 phase entry have been assessed on protein extracts of olfactory organs sampled at various postbulbectomy times in adult mice. The decay of ␤III-tubulin and olfactory marker protein levels and the rise of proliferating cell nuclear antigen (PCNA) levels, starting 1 and 3 days, respectively, postlesion, provided the kinetic frame of neuronal dynamics. Cyclin D1, cyclin E, and cyclin-dependent kinase cdk2 levels, low in olfactory organ of intact mice, increased 3 days after bulbectomy in parallel with PCNA levels; cdk4 content was initially high and unaffected by lesioning. Western blots of the known cdk inhibitors revealed proliferation-related decreases of p18, p21, and p27 from high expression in intact organs. Immunoprecipitation of cdk2 and cdk4 fractions of protein extracts at 4 days postlesion (mitotic reaction peak) versus control, followed by cyclin D1 immunoblotting, and vice versa, revealed that levels of both cyclin D1/cdk2 and cyclin D1/cdk4 complexes, as well as their kinase activities, were dramatically increased after lesion. In vivo proliferation of olfactory neuronal lineage cells thus involves functional binding of cyclin D1 with cdk2 and cdk4, with differential activation mechanisms for cdk2 and cdk4. In addition, the RT-PCR-detected cyclin D1 mRNA level remained unaffected after bulbectomy, which indicated that the cyclin D1 rise should involve posttranscriptional mechanisms in this in vivo neuronal system. These observations are discussed, along with their relevance to cell cycle control and to olfactory neuron dynamics.
Progression through the cell division cycle of eukaryotes is driven by transient and sequential activation of protein kinase complexes acting on various targets, which include transcriptional regulators, like the retinoblastoma gene product (Rb protein), or components of the mitotic apparatus (for reviews, see Nigg, 1995; Ross, 1996; Dyson, 1998) . Each complex comprises one catalytic unit called cyclin-dependent kinase (cdk) and one regulatory unit called cyclin (Hunter and Pines, 1994) . The cdk function is activated on binding of the cyclin partner and subsequent phosphorylation/dephosphorylation of specific amino acids (Morgan, 1995; Nigg, 1995) . It is controlled by reversible interaction with specific G1-phase cdk inhibitors (Sherr, 1996) , and finally it is down-regulated by cyclin proteolysis (King et al., 1996) . These cell cycle molecules are highly conserved among eukaryotes and are postulated to be universal; however, some variants to the general scheme have been found among distinct cell lineages within one given developing organism (Edgar and Lehner, 1996) , which suggests we should refrain from generalizing assumptions.
In the neuronal lineage, cell cycle control has been examined essentially in vitro on transformed cell lines (Kranenburg et al., 1995; Xiong et al., 1997) . A potentially useful in vivo model might now be provided by olfactory epithelium of adult mammals, which lines up the deepest part of the nasal cavity at the level of the olfactory turbinates. This neuroepithelium is made up predominantly of odorant-receptive neurons that die spontaneously by apoptosis and are renewed throughout adult life by proliferation of local neuronal progenitors named globose basal cells (Caggiano et al., 1994; Crews and Hunter, 1994; Mahalik, 1996) . Basal cells normally divide at a slow pace, with [ 3 H]thymidine-incorporating ones being scattered among quiescent cells (SchwartzLevey et al., 1991) ; the cell cycle of neuronal progenitors has a uniform 17-h length throughout olfactory epithelium (Huard and Schwob, 1995) . Olfactory neuron turnover can be enhanced massively in vivo by surgical ablation of their synaptic target olfactory bulb, or bulbectomy. This lesion sequentially triggers generalized apoptosis of sensory neurons (Michel et al., 1994; Holcomb et al., 1995) , followed by mitotic stimulation of globose basal cells that starts immediately after the apoptosis wave and peaks 4 days postlesion, at six-to sevenfold the basal proliferation rate (Schwartz-Levey et al., 1991; Michel et al., 1994) (Fig. 1 ). This mitotic stimulation was shown to consist of an increased number of dividing neuronal progenitors at the level of the whole organ (Schwartz-Levey et al., 1991) . This experimental paradigm therefore gives access to a homogeneous and massive cell population that possesses a neuronal lineage and is committed to divide synchronously in vivo (Caggiano et al., 1994; Huard and Schwob, 1995) .
Because previous studies have indicated that molecular investigations can be carried out on crude extracts of whole olfactory organ by conventional biochemical assays (Michel et al., 1994 (Michel et al., , 1997 , this model should allow assessment of the molecular control of cell cycle entry in quiescent neuroblasts, G1 progression, and G1/S transition of cell cycle.
EXPERIMENTAL PROCEDURES

Animals and tissues
Adult 3-month-old C57Bl/6J mice anesthetized with Equithesin (0.3 ml/100 g of body weight) were subjected to bilateral bulbectomies by drilling paired 1-mm-wide holes in the dorsal face of the skull 2 mm rostrolaterally to bregma and aspirating olfactory bulbs through a curved glass pipette connected to a vacuum pump. After filling up the cavity with gel foam and suturing the skin, bulbectomized mice were housed and allowed to recover with food and water ad libitum. Mice were killed at various postlesion intervals, ranging from 1 to 13 days (three animals per day). The bulk of the olfactory turbinates (30 mg of tissue) was immediately dissected out of each head and either placed in an Eppendorf tube dipped in liquid nitrogen for biochemical assays or vacuum-embedded in histological mounting medium (OCT, Miles, U.K.) for snap-freezing in liquid isopentane at Ϫ80°C and subsequent cryomicrotomy.
Biochemical extracts
For western blotting, frozen olfactory organs were homogenized in NP-40 lysis buffer [0.5% Nonidet P-40 in 50 mM TrisHCl (pH 8.0) containing 120 mM NaCl, 0.1 mM NaF, 0.1 mM Na 3 VO 4 , 1 mM EDTA, and protease inhibitor cocktail (Boehringer, Meylan, France)]. After a 1-h incubation at 4°C under agitation, lysates were cleared by centrifugation at 10,000 g for 15 min and frozen. After protein titration by the assay of Bradford (1976) on each sample (2 mg of protein per organ), lysates were diluted in NP-40 buffer to a concentration of 8 mg/ml, mixed to equal volumes of 2ϫ protein sample buffer, boiled for protein denaturation, and kept frozen until use.
For RT-PCR, total cellular RNA was first extracted from frozen olfactory organs using TRIZOL (guanidium isothiocyanate-acidic phenol; GIBCO-Life Technologies, Cergy, France) following the manufacturer's instructions. In brief, each sample of frozen tissue was dry-crushed and received 1 ml of TRIZOL. Tubes were then mixed well at room temperature, and 0.5 ml of chloroform was added to solubilize RNA differentially. After recovery of the aqueous phase, RNAs were precipitated with isopropanol (Sigma, L'Isle d'Abeau, France), washed in 70% ethanol, and dried at room temperature. The resulting pellets were resuspended in RNase-free water, and the RNA concentration for each sample was determined spectrophotometrically by recording absorbance at 260 nm.
Western blotting
Electrophoresis was performed on sodium dodecyl sulfatepolyacrylamide minigels (Mini-Protean system; Bio-Rad, Issy-les-Moulineaux, France) by loading 20 g of protein (5 l of NP-40 extract) in each lane, according to the standard technique of Laemmli (1970) . After electrotransfer onto a nitrocellulose membrane (Optitran BAS 85; Schleicher & Schuell, Ecquevilly, France), blots were blocked for 2 h in a 5% skim milk solution and incubated overnight at 4°C with primary antibody. After a 1-h incubation in appropriate peroxidase-linked secondary antibody, immunoreactivity was detected by chemiluminescence using a commercial kit (SuperSignal Ultra; Pierce/Interchim, Montluçon, France). Primary antibodies were all polyclonal, against the murine forms of the proteins: cdk2, cdk4, cyclin E, cdc2, p21, and p27 from Santa Cruz/Tebu (LePerray, France), p18 from NeoMarkers/Interchim, and proliferating cell nuclear antigen (PCNA) and ␤-actin from Sigma. Antibodies to cyclin D1, p15, p16, and p19 were kindly provided by Dr. C. J. Sherr, to olfactory marker protein (OMP) by Dr. F. L. Margolis, and to ␤III-tubulin by Dr. A. Frankfurter.
Immunoprecipitations of cdk/cyclin complexes
Aliquots (200 g of protein) of NP-40 extract (see above) from four identical mice were incubated for 2 h at 4°C with 1 l of undiluted primary antibody. Immune complexes were collected on 40 l of prewashed protein A-Sepharose beads (Sigma) diluted 1:1 (vol/vol), shaken gently for 2 h at 4°C, washed four times with NP-40 buffer, and eluted in 20 l of 2ϫ protein sample buffer. Western blotting of the respective cdk or cyclin partner was then performed as described above.
Kinase activities of cdk/cyclin complexes
These assays were performed from 100-g protein aliquots of NP-40 extracts (see above). The cdk2 immunoprecipitates were washed in cdk2 kinase buffer [20 mM Tris-HCl (pH 7.4), 10 mM MgCl 2 , 1 mM dithiothreitol, 60 mM ␤-glycerophosphate, and 0.5 mM Sigma protein kinase inhibitor] and resuspended in 50 l of kinase buffer containing 0.5 mg of histone H1 (Boehringer), 10 Ci of [␥-32 P]ATP, and 20 M ATP. The cdk4 immunoprecipitates were washed in cdk4 kinase buffer [50 mM HEPES (pH 7.4), 10 mM MgCl 2 , 1 mM dithiothreitol, 60 mM ␤-glycerophosphate, and 0.5 mM Sigma protein kinase inhibitor] and resuspended in 50 l of cdk4 kinase buffer containing 0.5 mg of glutathione S-transferase (GST)-Rb fusion protein, 10 Ci of [␥-
32 P]ATP, and 20 M ATP. All reaction mixtures were incubated for 1 h at 30°C, then boiled in sample buffer, and electrophoresed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis. Gels were stained with Coomassie Blue, vacuum-dried, and autoradiographed.
Immunohistochemistry
Frozen OCT-embedded organs were sectioned in a cryostat into 14-m-thick sections touch-mounted onto gelatin-precoated slides. After preincubations in 2% H 2 O 2 -containing phosphate-buffered saline (PBS) and then in 5% nonspecific serum in PBS, slides were incubated in polyclonal anti-PCNA antibody (Sigma) at 1:500 in 0.5% nonspecific serum in PBS overnight at 4°C. After PBS rinses, section-bound antibody was revealed with a secondary biotinylated antibody (1:200 in PBS) and ABC-peroxidase kit (Vector/Valbiotech, Compiègne, France) according to the manufacturer's instructions, using 3,3Ј-diaminobenzidine as a chromogen.
RT-PCR
cDNAs were first synthesized from 3 g of total RNAs using Moloney murine leukemia virus reverse transcriptase (GIBCO, France; 10 U/l) in a total volume of 20 l, in the presence of 5 M random hexanucleotide as primer (Sigma), 0.2 mM deoxynucleotide triphosphates (GIBCO), 10 M dithiothreitol, and 1ϫ RT buffer (GIBCO). Reaction mixtures were heated for 60 min at 37°C and then for 5 min at 95°C and finally stored at Ϫ20°C.
From 1 l of resulting cDNAs, sequences of interest were amplified in a thermocycler (model M100; MJ-Research, France) in 20 l of mixture with Taq polymerase (Promega, Charbonnières, France; 0.01 U/l), Taq buffer (Promega), deoxynucleotide triphosphates (GIBCO; 50 M), 0.0375 Ci of [ 33 P]dATP (Amersham, Les Ulis, France), specific primers (1 M), and optimal MgCl 2 concentration. Amplification programs included cDNA denaturation (5 min at 94°C), then 18 -23 cycles each comprising denaturation (30 s at 94°C)/ hybridization (30 s at primer-specific temperatures)/elongation (30 s at 72°C), and then a final elongation period (5 min at 72°C). PCR products were size-separated by vertical electrophoresis (Protean-2; Bio-Rad) on 8% polyacrylamide gels that were vacuum-dried and autoradiographed on Biomax films (Kodak, Sevran, France).
Primer pairs were as follows: for ␤-actin, 5Ј-TTGCTGAT-CCACATCTGCTG-3Ј and 5Ј-GACAGGATGCAGAAGGA-GAT-3Ј (annealing at 62°C with 1.5 mM MgCl 2 ; 18 cycles); for OMP, 5Ј-GACATTCTTCTAGCTGCTCC-3Ј and 5Ј-CAG-CTTTGGCCAGCAGGG-3Ј (annealing at 63°C with 2 mM MgCl 2 ; 20 cycles); and for cyclin D1, 5Ј-TCTACACTGA-CAACTCTATCCG-3Ј and 5Ј-TAGCAGGAGAGGAAGTT-GTTGG-3Ј (annealing at 63°C with 2 mM MgCl 2 ; 23 cycles). For each primer pair used, we first determined the optimal hybridization temperature and the minimal number of PCR cycles necessary to detect radiolabeled reaction products at a unique, expected molecular size. Forward and reverse primers were designed inside separate exons to avoid any bias due to residual genomic contamination. PCR-amplified products were checked with restriction enzymes. For each primer pair, no amplification was observed when PCR was performed on either RNase-free water or non-reverse-transcribed RNA sample.
RESULTS
Western blot assessment of lesion-induced neuronal degeneration and proliferation
The kinetics of bulbectomy-induced neuronal dynamics were first assessed by western blot of crude protein extracts of olfactory organs (Fig. 2) , with a constant amount of protein from each sample (see the ␤-actinimmunoreactive band in the p21 blot in Fig. 5A ). Both ␤III-tubulin (a marker of neuronal cytoskeleton) and OMP (a marker of mature olfactory neurons) were abundant in control extracts and dropped to barely detectable levels by 5 days postbulbectomy (Fig. 2) , which coincides with lesion-induced neuronal loss in the same mouse strain (Schwartz-Levey et al., 1991; Michel et al., 1994 ; Fig. 1 ). By contrast, PCNA immunoreactivity in olfactory organ extracts was low in control mice and during the first 2 days following bulbectomy but increased 3 days postlesion and remained high afterward (Fig. 2, lower panel) .
Immunohistochemical localization of PCNA
In transverse sections of olfactory organ sampled 4 days after bulbectomy, PCNA immunoreactivity was ex- clusively localized to globose basal cells of olfactory epithelium (Fig. 3) . Labeled cells were not detected in an adjacent section processed without primary antibody.
Western blot assessment of known molecular regulators of G1 phase
We assessed regulators of G1 during bulbectomyinduced proliferation of olfactory neuron progenitors by western blot as above. Tissue levels of G1 cyclins, cdks, and cdk inhibitors appeared differentially altered following bilateral bulbectomy (Figs. 4 and 5) .
Kinetics of cdc2 and cdk2 immunoreactivities in olfactory organ extracts after bilateral bulbectomy were similar to those of PCNA expression: strongly increased at 3 days postlesion and remaining high thereafter (Fig.  4) . In contrast, the steady-state level of cdk4 protein remained constant and equal to control levels throughout the 13-day period examined (Fig. 4) .
Cyclin D1 accumulated from an undetectable level in the control to high amounts during the first 3 days following lesion, and its level remained high until 13 days postlesion (Fig. 4) . In contrast, cyclin E was present in the control organ, and its level remained roughly constant after bulbectomy (data not shown).
Among the known cdk inhibitors, p19, p21, p27, and, to a lesser degree, p16 and p18 but not p15 were detectable in control organ extracts. Western blot kinetics revealed that three cdk inhibitors-p21 (Fig. 5A) , p27 (Fig. 5B) , and p18 (data not shown)-markedly decreased in level 3-4 days postlesion, i.e., at the onset of basal cell mitotic stimulation (Figs. 1 and 2) , and rose back afterward (Fig. 5) . By contrast, tissue levels of p15, p16, and p19 were not affected after bilateral bulbectomy (data not shown).
Immunoprecipitation evidence for cyclin/cdk complexation during neuronal proliferation
To investigate physical interaction of cdks and cyclins, cdk2 and cdk4 immunoprecipitates from olfactory organ extracts were secondarily analyzed by immunoblotting with anti-cyclin antibodies. The specificity of these interactions was confirmed by a reverse approach based first on immunoprecipitation with anti-cyclin antibodies followed by western blotting detection of cdks (Fig. 6) . This was investigated in parallel with olfactory organs of mice killed at the peak of bulbectomy-induced proliferation (4 days postlesion) versus sham controls (four animals per group). Both immunoprecipitated cdk2 and cdk4 displayed cyclin D1 immunoreactivity (Fig. 6A); 
FIG. 3.
Immunohistochemical localization of PCNA in olfactory mucosa 4 days after bulbectomy. Specific labeling is restricted to globose basal cells. The arrow indicates one of the PCNApositive cells that are absent in control sections, i.e., without primary antibody. bl, basal lamina; N, nasal cavity; OE, olfactory epithelium (100 m thick).
FIG. 4.
Western blot assessment of expression of cell cycle regulators during bulbectomy-induced proliferation of olfactory neuron progenitors, using protein extracts of whole olfactory organs. Postlesion times are indicated on top. C, unoperated control mice.
FIG. 5.
Western blot assessment of cdk inhibitors p21 and p27 (antibodies against murine proteins from Santa Cruz/Tebu). The p21 western blot has been combined with ␤-actin immunodetection on the same membrane, to visualize directly consistency of protein loading.
conversely, and as expected, immunoprecipitated cyclin D1 displayed cdk2 and cdk4 immunoreactivities (Fig.  6B) . Immunoprecipitated cyclin E displayed cdk2 but not cdk4 immunoreactivity (data not shown). Crude protein extracts of whole olfactory organ therefore contained cyclin D1/cdk2, cyclin D1/cdk4, and cyclin E/cdk2 complexes. The levels of these cyclin/cdk complexes were much higher at the peak of lesion-induced mitotic stimulation of olfactory epithelium than in controls (Fig. 6A  and B) . By contrast, levels of immunoprecipitated cdk4 or cyclin E were identical in both animal groups.
Kinase activity of cyclin/cdk complexes during proliferation
To determine whether cyclin/cdk complexes have functional relevance, cdk2 and cdk4 immunoprecipitates were assayed for protein kinase activity on two wellcharacterized and physiological cdk targets (histone H1 and Rb protein). Both cdk2-dependent incorporation of 32 P into histone H1 and cdk4-dependent phosphorylation of GST-Rb fusion protein were increased much above control levels at 4 days postbulbectomy, i.e., in the situation of maximal in vivo induction of proliferation markers (Fig. 6C) .
Kinetics of cyclin D1 mRNA following bulbectomy
To address the mechanism of cyclin D1 accumulation during bulbectomy-induced neuronal proliferation, we assayed cyclin D1 mRNA levels after bulbectomy by semiquantitative RT-PCR (Fig. 7) . Cyclin D1 mRNA was indeed present but remained at the same level throughout lesion-induced neuronal apoptosis and proliferation as in the control. By contrast, OMP mRNA from the same nucleic extracts gradually disappeared according to the same kinetics as neuronal loss (Schwartz-Levey et al., 1991; Fig. 1 ) and OMP protein decay (Fig. 2) .
DISCUSSION
The present study uses direct assessment of cell cycle machinery in cells of neuronal lineage in vivo, by using as a model system the neural regeneration of the olfactory epithelium following synaptic target ablation in the adult mouse (Fig. 1) . Commitment to cell division in this neuronal lineage was found to involve the same intrinsic regulators as most other cell types although with some functional specificities. This work further documents cell cycle control engine in nontumoral neuronal lineage and reveals murine olfactory epithelium as a valuable model of neuronal regeneration mechanisms.
The reliability of protein extracts from whole olfactory organs for western blot of cell cycle regulators in neuronal progenitors of olfactory epithelium was validated by kinetics of well-defined markers of cell proliferation and neuronal phenotype. Levels of neuronal markers after bulbectomy in our western blots followed indeed the same time-dependent decay as the olfactory neuron number in the same paradigm (Schwartz-Levey et al., 1991) . That ␤III-tubulin decreased slightly earlier than OMP is in keeping with perikaryal accumulation of the latter. The rise in PCNA content preceded by 1 day and paralleled the bulbectomy-induced increase of [ 3 H]thymidine incorporation in globose basal cells (SchwartzLevey et al., 1991;  Fig. 1 ), which fits with the known expression of PCNA in dividing cells from late G1 up to early M phase. We confirmed by immunohistochemistry that PCNA signals in western blots arise from globose basal cells, which have been demonstrated as the only cell population to display mitotic stimulation following olfactory bulbectomy in the same mouse strain (Schwartz-Levey et al., 1991) . The present data thus showed that a protein selectively expressed by olfactory neuron progenitors can be detected semiquantitatively by western blot in crude extracts of whole olfactory organ. Consistently, a series of known cyclins, cdks, and cdk inhibitors could be detected in our lesion model by the western blot approach. The consistency of cdk4 protein level and the dramatic rise of cyclin D1 during lesion-induced proliferation are in keeping with the general scheme of cdk function during cell cycle (Kranenburg et al., 1995; Morgan, 1995; Nigg, 1995) . Constitutive expression of cdk4 and basal retinoblastoma phosphorylation activity are likely to account for the slow pace of neuronal progenitor division in the intact adult organ. Much less common were proliferation-related increases of cdc2 and cdk2; usually, these proteins are indeed constitutively expressed and readily activated once the respective cyclins are synthesized (Morgan, 1995) . As compared with most cell types investigated so far, olfactory neuronal progenitors thus appear endowed with an additional protection against proliferation onset, which might contribute to the known exceptional resistance of this adult tissue to tumorigenesis (Servenius et al., 1994; Hirose et al., 1995) . However, proliferation-related cdk2 up-regulation cannot explain per se tumorigenesis resistance because it has been reported in nonneuronal (Coppée et al., 1998) and neuronal (Kranenburg et al., 1995) tumor models. On the other hand, the present data fit with previously reported differentiation-related decreases of cdk2 and cdc2 in neuronal cell lines in vitro (Kranenburg et al., 1995; Yan and Ziff, 1995; Van Grunsven et al., 1996) and during development in vivo (Zhao et al., 1995; North et al., 1996; Espanel et al., 1997; Kastner et al., 1998) . The need for cdk2/cdc2 up-regulation for proliferation onset might therefore represent a specificity of cell cycle control in neuronal lineage. The major cdk inhibitors (p21 and p27) behave here as in most eukaryotic cells (Pestell et al., 1999) , i.e., a decrease from a high basal level at the onset of mitotic stimulation, as does the neuron-specific cdk inhibitor p18. Sustained expression of the INK4s p16 and p19 might prevent committed progenitors from a burst of proliferation. Such a similarity with known tumor suppressor systems in other cell types, along with the absence of the neuron-specific cdk inhibitor p15, is surprising in view of olfactory epithelium resistance to tumorigenesis (Servenius et al., 1994) . This tissue might therefore be equipped with an original mechanism or mechanisms of tumor suppression. The existence of unknown tumor suppressors is indeed suggested in cancer research (Sherr, 1996) ; alternatively, tumorigenesis might merely be prevented in olfactory epithelium by exceptionally easy commitment of sensory neurons to apoptosis, either after lesion (Michel et al., 1994; Holcomb et al., 1995) or spontaneously in the adult (Mahalik, 1996) .
Our immunoprecipitation approach allowed the demonstration of mutual complexing of cyclins and cdks identified by western blot, in agreement with the general scheme (Morgan, 1995) . Cyclin D1/cdk4 and cyclin E/cdk2 are indeed the functional entities regulating G1 phase progression in most cell types. However, cyclin D1/cdk2 has been documented in only a few instances so far, i.e., neuronal cell lines (Yan and Ziff, 1995) and fibroblasts (Xiong et al., 1992; Bates et al., 1994) . It is possible though that cyclin/ cdk complexes accumulate without functional activation, as recently documented in mammalian adipocytes (Phelps and Xiong, 1998) . Such a proposal was ruled out by the present assessment of respective kinase activities of immunoprecipitated complexes from proliferation peak versus control cells. Both cyclin D1-complexed cdk2 and cdk4 were indeed activated at the peak of lesion-induced neuronal proliferation, whereas they were almost inactive in the control organ.
The constitutive expression of cyclin D1 mRNA is a very original feature of cell cycle control in neuronal progenitors of olfactory epithelium. Along with the dramatic increase of protein level observed above by western blot, this result points to a posttranscriptional mode of regulation for cyclin D1 in this tissue, which is so far uncommon in cell cycle control (Sherr, 1996) . Proteasome inhibitors might therefore underlie mitotic stimulation of neuronal progenitors in olfactory epithelium, as recently described in apoptosis onset (Boutillier et al., 1999) .
In conclusion, the present study indicates that in vivo entry of olfactory neuron progenitors into cell cycle involves the same key regulatory molecules as in other eukaryotic cells. However, the two major G1 cdk-cyclin complexes follow unusual modes of functional activation: The cyclin D1/cdk2 complex formation requires neosynthesis of cdk2 in addition to cyclin D1, whereas constitutive cdk4 is activated merely by complexing with cyclin D1. Moreover, cyclin D1 synthesis is stimulated posttranscriptionally.
Another basic aspect of neuronal proliferation control in olfactory epithelium concerns the nature of signals driving neuronal progenitor cells to divide after bulb ablation. In vitro, several growth factors and cytokines were found to be mitogenic on olfactory neuronal lineage cells in primary culture. In vivo, among these mitogens, leukemia inhibitory factor is the only one significantly induced before mitotic stimulation in the present paradigm (Bauer et al., 2000) ; conversely, neuronal progenitor division in olfactory epithelium is tonically inhibited by bone morphogenetic proteins from mature olfactory neurons (Shou et al., 1999) . Altogether, these studies promote bulbectomy-induced proliferation of olfactory neuronal progenitors as a convenient in vivo model for addressing neuroregeneration mechanisms in adult mammals. In particular, the present data yield both technical and phenomenologic cues for addressing the function of nerve stem cells in adult brain (Gage et al., 1995; Goldman, 1998; Scheffler et al., 1999) .
